
LA-UR-19-29161
Approved for public release; distribution is unlimited.

Title: High Dose Irradiation of Austenitic Alloys

Author(s): Gigax, Jonathan Gregory
Kim, Hyosim
Li, Nan

Intended for: Report

Issued: 2019-09-12



Disclaimer:
Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National
Nuclear Security Administration of U.S. Department of Energy under contract 89233218CNA000001.  By approving this article, the publisher
recognizes that the U.S. Government retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution,
or to allow others to do so, for U.S. Government purposes.  Los Alamos National Laboratory requests that the publisher identify this article as
work performed under the auspices of the U.S. Department of Energy.  Los Alamos National Laboratory strongly supports academic freedom
and a researcher's right to publish; as an institution, however, the Laboratory does not endorse the viewpoint of a publication or guarantee its
technical correctness.



 

 

 

 

 

 

High Dose Irradiation of 
Austenitic Alloys 

 
 

 

 

Prepared for 

U.S. Department of Energy 

Advanced Fuels Campaign 

 

Jonathan G. Gigax 

Hyosim Kim 

Nan Li 

 

08/29/19 
 

 



 

 

 

 

  

DISCLAIMER 

This information was prepared as an account of work sponsored by an 

agency of the U.S. Government. Neither the U.S. Government nor any 

agency thereof, nor any of their employees, makes any warranty, 

expressed or implied, or assumes any legal liability or responsibility for 

the accuracy, completeness, or usefulness, of any information, apparatus, 

product, or process disclosed, or represents that its use would not infringe 

privately owned rights. References herein to any specific commercial 

product, process, or service by trade name, trade mark, manufacturer, or 

otherwise, does not necessarily constitute or imply its endorsement, 

recommendation, or favoring by the U.S. Government or any agency 

thereof. The views and opinions of authors expressed herein do not 

necessarily state or reflect those of the U.S. Government or any agency 

thereof. 
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SUMMARY 

The present report provides a short summary of our recent efforts to irradiate an austenitic iron alloy, D9, 

and a face-center cubic high entropy alloy (HEA) to a damage level of 400 peak dpa.  The irradiated 

microstructure of D9 showed little void swelling and the presence of a large density of carbides in the 

irradiated region.  This indicated a potential issue either with the irradiation environment (i.e. chamber 

contamination) or specimen preparation.  The HEA examined showed very little swelling in the matrix 

and possibly no carbides.  Further examination of the microstructure revealed the formation of numerous 

precipitates that are coherent with the matrix based on diffraction pattern analysis.  In this temperature 

range, the lack of swelling and formation of these precipitates indicates the superior radiation resistance 

of this HEA alloy. 
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1. Introduction 

2. Materials and Methods 

D9 was fabricated by Carpenter Technologies with a composition given in Table 1.  An equiatomic 

FeCrNiMn high entropy alloy (HEA) was fabricated by Sophisticated Alloys Inc.  The HEA was cast and 

consolidated by a hot isostatic press at a pressure of 100 MPa and at 1200 °C. Specimens were cut into 

roughly 5 mm x 5 mm specimens, ground to 0.75 mm thickness, and polished to a final solution of 0.04 um 

silica.  The samples were irradiated with 3.5 MeV Fe ions at the Texas A&M University Radiation Materials 

Characterization Laboratory and Facility using a 3 MV NEC pelletron.  The D9 and HEA was irradiated at 

a temperature of 575 °C to damage levels of 100, 200, 300, and 400 peak dpa.  Damage levels were 

calculated using the SRIM-2013 software package and a displacement energy of 40 eV [3,4].  A static, 

defocused beam was used to avoid the influence of rastering on void swelling [5].  Cryotraps and a magnetic 

filtering magnet were used to remove contaminants from the beam line and chamber in an effort to avoid 

composition modification by carbon injection [6].  Due to the long duration of the ion irradiation and limited 

time available for analysis, only the 400 peak dpa specimens were analyzed. 

 
Table 1. Chemical composition of the D9 and HEA alloy  

Alloy 

ID 

Fe Cr Ni Mn Mo Si Ti Ta Al P S C N O 

D9 Bal. 13.53 15.56 2.11 1.65 0.85 0.3 0.01 0.004 0.002 0.005 0.034 0.0017 0.0012 

HEA 25 25 25 25           

 

A FEI Helios focused ion beam mill (FIB) was used to perform conventional cross-section lamella lift-

out and thinning for transmission electron microscopy (TEM).  After thinning the specimen to a thickness 

less than 100 nm, the micrographs of the lamella were obtained on a FEI Tecnai F30 operated at 300 kV 

via conventional bright field, dark field, and scanning transmission electron microscopy (STEM) with a 

high angle annular dark field detector (HAADF). 

3. Results and Discussion 

3.1 Microstructure of D9 after 400 peak dpa 

Figure 1 provides a brightfield image of the D9 after heavy ion irradiation to 400 peak dpa.  From this 

image, a high density of large precipitates (carbides) are visible.  Only one or two voids were observed in 

the irradiated region.  Based on our previous work in two other austenitic alloys, A709 and 316, this dose 

and temperature should lead to an exceptional amount of swelling (>50%).  The microstructure in Fig. 1 

suggests that a couple of issues may be present.  First, either the specimen or irradiation chamber was 

contaminated with C-rich molecules.  This carbide formation was observed in a ferritic/martensitic alloy, 

HT9, and was eventually solved by use of different filtering techniques [6].  Even though those filtering 

techniques were employed in this study, contamination on the sample or in the target chamber would not 

be completely removed. 

Second, the irradiation conditions, namely the sample temperature may not have been at the target 

temperature in the irradiation.  This may be due to either poor thermal contact made by the adhesion 

material (i.e. silver paste) or an incorrect reading from stage thermal couples.  If we assume that void 

swelling in austenitic materials should persist even with carbon injection, then the lack of void swelling 

indicates that the specimen may not have been at the correct temperature.  Regardless of the reason, the 

current result is not to expectations and any investigation on the other D9 specimens will be paused until 

new irradiations can be performed with voids apparent in the material. 
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Figure 1 – Brightfield micrograph of the D9 irradiated to 400 peak dpa.  Inset image shows a higher 

magnification area in the irradiated region. 

  



 High Dose Irradiation of Austenitic Alloys 
08/29/19 3 

3.2 Microstructure of the HEA after 400 peak dpa 

Figure 2 provides overview brightfield and darkfield micrographs for the HEA irradiated to 400 peak 

dpa.  Numerous precipitates in the near surface region are observed, in addition to minor oxidation on the 

surface of the specimen.  The darkfield image in Fig. 2a provides a little bit more clarity to distinguish the 

precipitates from other features.  The darkfield image was taken by selecting one reflection belonging to 

the precipitates with an objective aperture.   

  

 
 

Figure 2 – (a) Brightfield and (b) darkfield TEM micrographs of INL HT9 irradiated to 600 peak dpa. 

 

Fig. 3 shows diffraction patterns taken from the HEA at the [112̅] zone axis in the irradiated and 

unirradiated region, respectively.  Here, a superlattice is easily observed in the near surface region taking 

on the same pattern as the matrix.  A white circle in Fig 3b denotes the location of the aperture in 

darkfield imaging in Fig. 2. Outside of the irradiated region, no superlattice is observed, indicating that 

the precipitates are radiation-induced.  Furthermore, these precipitates are likely comprised of the 

constituents of the matrix (i.e. Fe, Cr, Mn, Ni) since carbides and oxides of these materials are not likely 

to be coherent with the matrix. 
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Figure 3 – (a) Darkfield micrograph of the HEA irradiated to 400 peak dpa.  Selected area diffraction pattern 

taken from the (a) irradiated and (b) unirradiated regions. 

 

Fig. 4 provides a higher magnification image of the precipitates.  Clearly, there is some internal structure 

in each that does not appear bright (i.e. coherent).  With our current analysis, it is difficult to conclude 

what those particular features are.  In one precipitate, the feature is a void.  However, there is another 

possibility that these are other precipitates as well.  In darkfield imaging, incoherent particles or voids 

would not appear bright and do not conclusively identify the particles in question. 

 

 
Figure 4 – (a) Brightfield and (b) darkfield micrographs at a higher magnification in the irradiated region of 

the HEA irradiated to 400 peak dpa.  The scale bar in (a) applies to both images. 
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4. Conclusions and Future Work 

In this study, we performed heavy ion irradiation of a D9 and HEA alloy up to a damage level of 400 

peak dpa.  The D9 examined showed numerous carbides in the irradiated region, suggesting that 

contamination was present during the irradiation.  The lack of void swelling may be caused by carbide 

formation and other factors as well. 

The HEA showed the formation of large (50 nm) precipitates in the near surface region after ion 

irradiation.  These particles were found to be coherent with the matrix from diffraction patterns.  A closer 

examination of these at a higher resolution showed that the particles have some internal structure with 

what appear to be either voids or incoherent particles present.   

At this stage, before investing additional time into either sample set, our plan is to perform the 

irradiation under cleaner conditions.  Our expectation is that the D9 should swell at 400 peak dpa, similar 

to what we observed in 316.  If this is observed, we will also verify that the microstructure of the HEA 

after irradiation remains unchanged.  Additional analysis, including elemental maps will be made to 

understand the changes to the microstructure of the HEA after irradiation. 
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